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Introduction
One of the important tasks in radiation protection is to estimate the radiation exposure in practice and ensure the dose below established limits. Since in vivo measurements of organ doses are not possible, the necessity to derive dose quantities from measurable quantities arises. Conversion coefficients, relating 'operational quantities' which can be measured at workplaces to 'protection quantities' [1] , i.e. the absorbed dose in body, are introduced for this purpose by the International Commission of Radiological Protection (ICRP).
Conversion coefficients are determined numerically with the help of computational anthropomorphic models. The reference values for radiation protection provided by the ICRP publication 74 [2] were calculated with mathematical phantoms, which is called 'MIRD-type', where the body and the organs or the tissues are composed of simply geometrical shapes [3, 4] . With the quick development of computers and medical imaging techniques, researchers have made considerable efforts to develop voxel-based anatomical models based on computer tomography (CT), magnetic resonance imaging (MRI), or color images of individuals for radiation dosimetry [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . More than 30 voxel-based models have been established till now [15] , a few of which are based on Chinese specimen, such as VCH phantom and CNMAN [16, 17] . These phantoms give better representation for human body compared to the mathematical phantoms since they are made from real anatomical data and consist of millions of small volume elements. However, because of deriving from individual data, usually voxel-based models do not represent the physical characteristic of an average population. On the contrary, the mathematical phantoms based on the reference man data are able to represent the characteristic of an average population. Due to the racial representativeness and fast calculation of the mathematical phantoms, even though the voxel-based phantoms have made a great development and ICRP has formally adopted voxel-based computational phantoms derived from CT image data due to the improved anatomical realism, the mathematical phantoms are still widely used in health physics and medical physics [18] [19] [20] [21] [22] [23] [24] .
Neutron radiation exposures are very important at nuclear power generation facilities, high-energy electron accelerators, proton and heavy ion accelerators and deep space explorations, where the energy spectra can range from the thermal region to above GeV levels. Dose conversion coefficients for neutron are widely used for the radiation protection at these facilities. Some dosimetric data for low-energy spectrum were derived based on mathematical phantoms representing Caucasians [25, 26] . Neutron dose conversion coefficients derived from the MIRD (Medical Internal Radiation Dose Committee)-based simplified model family have been summarized by a joint task group of the ICRP and the International Commission on Radiation Units and Measurements (ICRU), and further have been documented in ICRP Publication 74 [2] . Recently, a study based on the visible Chinese human (VCH) phantom (height 166 cm and 54 kg), a voxel phantom developed from high resolution cryosectional color photographic images of a healthy Chinese adult male cadaver, had been carried out [27] . The absorbed doses in organs were also calculated for idealized irradiation geometries using the Japanese Voxel Phantoms JM (height 171 cm, weight 65 kg) and JF (152 cm, 44 kg) in the energy range from 10 79 to 150 MeV, and compared with the data of ICRP Publication 74 and the VCH phantom [28] .
This work is part of a systematic study for radiation protection for the Chinese population with the Chinese mathematical phantom (CMP), a mathematical human body model developed based on methods of Oak ridge National Laboratory (ORNL) mathematical phantom series, and data from Chinese reference and man reference Asian man [23] . As the anatomical parameters of the Chinese people are different from those of the Caucasians to some extent, it is necessary to obtain the conversion coefficients based on the models which represent the characteristics of the Chinese population. While Chinese voxelbased phantoms only represent individual characteristics and lack flexibility for organ adjustment, CMP represents well for the average Chinese population. Besides, mathematical phantoms require relatively short simulation time. The construction of CMP and the results of the conversion coefficients for external photon irradiation based on CMP have been published [23, 24] . It would be valuable to update CMP to comply with the ICRP 103 Publication [29] , which is the latest ICRP recommendation. However, so far this work has not been carried out due to the lack of the Chinese reference man data for the organs/tissues such as extrathoracic(ET) region, oral mucosa and lymphatic nodes.
In this work, a new set of conversion coefficients from fluence to absorbed dose are presented for monoenergetic neutron beams from 10 79 to 10 2 MeV under six different irradiation geometries based on CMP and Monte Carlo code MCNPX. The calculated organ doses are compared under different irradiation geometries and incident neutron energies. Up to now the latest conversion coefficients for some external and internal exposures are shown in graphs in ICRP 110 Publication [30] . These coefficients were obtained with the ICRP reference phantoms, which are voxel phantoms. In this work, the calculated neutron dose conversion coefficients based on CMP are not compared with the results in ICRP 110 Publication as the numerical values have not been distributed yet. Therefore, the results based on CMP are compared with data provided by ICRP publication 74 [2] and results based on VCH phantom [16] . Data provided by ICRP publication 74 were based on the mathematical phantom representing the Caucasians which are generally taller than Chinese in height and heavier in weight, while the latter is a voxel phantom based on a Chinese individual human who is thinner than average. The comparison between the results based on CMP and ICRP74 is expected to reflect the differences between races, while the comparison between the results based on CMP and VCH is expected to reflect the differences between the individual and the average and the differences between the mathematical phantom and the voxel phantom.
Materials and methods

Chinese mathematical phantom
The CMP includes two independent adult Chinese models, male and female, which represent characteristics of Chinese man and woman respectively [23] . The shape equations were developed according to the ONRL mathematical phantom theories. The parameters to describe the organs were mainly taken from the Chinese reference man, which provided a formalized description of some specific physical, chemical, physiological, anatomical, bio-kinetic and other parameters of relevance in radiological protection [31] . Some reference Asian man data were also used as complements due to the incompleteness of the Chinese reference man. In this work, the model of the male adult was adopted in order to compare with the results from other male models. Figure 1 shows the shape of the exterior and internal organs of this model. The body is presented vertically, with the z-axis directed upward towards the head, the x-axis towards the phantom's left (the reader's right) and the y-axis toward the phantom's posterior side. The origin is 264 R. Qiu et al.
located at the center of the underside of the trunk section of the phantom. The height and the weight of this model are compared with those of the MIRD phantom which was adopted by ICRP74 and the VCH phantom in Table 1 . 
Monte Carlo simulations
The Monte Carlo technique has been widely used in radiological simulations where the physical experiments are either inconvenient or impossible. MCNP is a general-purpose Monte Carlo code designed to transport neutrons, photons, and electrons in arbitrarily assigned three-dimensional geometries. The MCNPX code, used in this work, represents a major extension of the MCNP code, enabling it to track all particles at all energies.
Dose calculation
The absorbed doses in organs were obtained from MCNPX program as the amount of energy deposited per unit mass. Then the absorbed doses in organs were normalized by incident neutron fluence so as to derive the fluence-to-dose conversion coefficients. Conversion coefficients of 24 different organs and tissues (including a 'remainder' composed of the additional organs and tissues), as defined in ICRP publication 60 [1] , were calculated.
Six standard configurations of the irradiation source were defined [32, 33] . Parallel neutron beams that directed perpendicularly to the longitudinal axis of the body were set for anterior-posterior (AP), posterior-anterior (PA), left-lateral (LLAT) and right-lateral (RLAT) geometries, respectively. A full 3608 rotation of neutron beams around the longitudinal axis of the fixed body was set for the rotational (ROT) geometry. Neutron beams projected with no preference in direction, where the particle flux per unit solid angle remained constant, were configured for the isotropic (ISO) geometry. Neutron beams ranging from 10 79 to 10 2 MeV were simulated. As the neutron cross section plays important roles in the calculations, Table 2 shows the neutron cross section library used for calculation in this work. The S(a,b) scattering was considered for the low-energy neutrons (eg.
section data adopted were from those for light water at 300 K in the TMCCS library.
Results and discussion
Precision of the results
The statistical uncertainties of the simulation results were dependent on neutron energy and direction. The uncertainties are aimed at 55% in order to get reliable data in the simulation. Pre-runs were carried out to investigate the time consumption and statistical uncertainties of the results in each radiation condition. Considering both the statistical error control and time consumption, finally 5 6 10 6 particles were simulated for AP, PA, LLAT, and RLAT irradiation, 2 6 10 8 particles for ROT irradiation and 1 6 10 8 particles for ISO irradiation. Overall, the precision is satisfactory as the statistical error is lower than 5% for nearly 97% of all fluence-to-absorbed dose conversion coefficient data. The data larger than 5% mainly come from the very low energy range of 10 79 -10 78 MeV. As an example, Table 3 shows the results for thyroid, in the unit of pGy cm 2 , with the statistical error percentages in parenthesis.
Energy dependence
The shapes of the curves showing the fluence-toabsorbed dose conversion coefficients depending on neutron energy are more or less similar for all the organs and tissues, in accordance with the varying predominance of particle interaction types. The data for stomach are shown as an example in Figure 2 . The whole energy range can be divided into three parts approximately. Within the low energy part under 1 eV, most of the direct energy deposition is contributed by the gamma ray during capture of the thermalized neutrons. In particular, the 2.2 MeV photons that are emitted via the 1 H(n,g) 2 D reaction play a significant role in the deposition of energy. At energy range between 1 eV and 10 keV, the energy deposited by recoil protons from elastic scattering on hydrogen becomes important. Both the photons generated by the neutron capture and the recoil protons from elastic scattering on hydrogen contribute to the energy deposition. The cross section of neutron capture decreases with the increasing neutron energy, but the energy of the recoil protons from elastic scattering on hydrogen increases, the counteraction of the two mechanism leads to the relatively flat curve. At the high energy range above about 1 MeV, the production of charged particles by nuclear reactions such as (n,D), (n,T), etc. becomes dominant for the deposition of energy and sharp increasing curve is observed.
Comparison with data in ICRP74 and results based on VCH phantom
As mentioned in the introduction part, the results in this work were compared with data in ICRP74 publication and results based on the VCH phantom. Anatomical variation of models mainly comes from the shape and size of each organ and tissue, material composition and the location of the organs and tissues, etc. The differences of the dose conversion coefficients based on the three models mainly come from the different physical characteristic of the races of the Mongolians and Caucasians or the anatomical variation (shapes and sizes of organs and bodies) among models. The use of voxel phantoms can reduce the uncertainties of doses caused by the differences of organ and body shapes compared to real human body. However, body sizes are limited, and not always applied for the whole population. On the contrary, the mathematical phantoms can reduce the uncertainties caused by the differences of body sizes. However, body and organ shapes of the mathematical phantoms are not similar to real human. Results of typical organs under different irradiation geometry are analyzed. Generally, the calculated neutron fluence-to-absorbed dose conversion coefficients in selected organs display agreement in the results based on CMP, VCH phantom, and ICRP 74 data, especially as far as the energy dependence is concerned. However, the deviations of up to 50% for some organs at certain energy are also observed.
AP and PA irradiation
The fluence-to-absorbed dose conversion coefficients are compared in AP and PA irradiation geometry and the largest discrepancy is found in the data for lung and bladder. Results for lung are compared among all the three models, while those for bladder are compared only between CMP data and the ICRP74 data due to the lack of the published data based on the VCH phantom, as plotted in Figure 3 .
Lung data of CMP are reported 25% lower than that of the VCH phantom under AP irradiation and 40% lower under PA irradiation. Although the weight of the VCH phantom (54 kg) is much lower than CMP (60 kg), the thickness of the thorax in the VCH phantom (18.7 cm) is almost the same with that of CMP (18.7 cm) . Therefore, this difference should be attributed to the shape and the position of lung in these two phantoms. The difference of the dose conversion coefficients between the two phantoms in PA irradiation (40%) is larger than that in AP irradiation (25%). It suggests that lung in the VCH phantom may locate in a more posterior position compared to that in CMP. And the fact that lung in CMP is described with equations and the lung in the VCH phantom is obtained from medical image data of a real person also contributes to this difference.
ICRP data for lung are similar with results of CMP under PA irradiation, a bit lower on average under AP irradiation, especially at low energy. A maximum difference of 35% was reported at about 10 78 MeV. It can be explained since lung is located at the back of the thorax, and the larger size of the male MIRD phantom (trunk thickness 20 cm) which was adopted by ICRP compared to CMP (trunk thickness 18.7 cm) leads to better shielding effects to low-energy neutrons. Penetrating ability of neutron increases in accordance with energy, thus deviations become less obvious at high energy range. Similar trend is observed on the data for bladder, except that it locates in the front of the body. The main difference between the CMP data and ICRP data occurs under PA irradiation and 30% higher results of CMP are reported. Figure 4 . Comparison of fluence-to-absorbed dose conversion coefficients from ICRP 74, the VCH phantom, and CMP for rectum and liver under LLAT and RLAT irradiation geometry.
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RLAT and LLAT irradiation
Under lateral irradiations, a large discrepancy of the fluence-to-absorbed dose conversion coefficients for lung and some asymmetric organs, such as the rectum and the liver, is observed among the CMP, VCH phantom, and ICRP74 data, as shown in Figure 4 . The data for rectum are only compared between the CMP data and ICRP74 data as the VCH data is not available. The data for lung are only compared between the CMP data and VCH data as the ICRP74 data only gives the average value for the LLAT and RLAT irradiations.
At low and medium neutron energy range, the CMP data is generally lower (about 35%) than the ICRP74 data under LLAT irradiation, and higher (about 20%) than the ICRP74 data under RLAT irradiation for rectum. Results of both phantoms tend to agree with each other in high energy region since neutron penetration ability increases. Rectum is located in the left part inside the trunk. The difference between the dose conversion coefficients for rectum in these two mathematical phantoms indicate that rectum may locate at a more right position in CMP than in the MIRD phantom.
As for the liver, an organ located in the right of the body, results of CMP, VCH phantom, and ICRP74 data is in good agreement under RLAT irradiation. But under LLAT irradiation, the results of VCH phantom are 20% higher on average than those of CMP. And the results of CMP are about 20% higher than ICRP74 data. It can be explained that the trunk size of the Caucasians are generally larger than the Mongolians, and the width of the thorax of CMP (28.5 cm) is larger than the VCH phantom (26.6 cm). On the other hand, the liver in the mathematical phantom was surrounded by a thick layer of soft tissue, which also increases the actual transportation distance of neutrons. But the voxel phantom like VCH constructed from medical image data obtained from real persons, can give a more realistic anatomic description of human body than the mathematical phantoms.
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The dose conversion coefficients for lung is interesting as the data of CMP are larger in both the LLAT and RLAT irradiation conditions than those of the VCH phantom. The difference is up to 30%. It could be attributed to the lack of arms in CMP whereas the upper arms in the VCH phantom provide the shielding for the lung inside the trunk.
ROT and ISO irradiation
The ROT and ISO geometries are to some extent the combinations of other four idealized geometries. Generally, the fluence-to-absorbed dose conversion coefficients show smaller differences among the data based on CMP, VCH phantom and ICRP74 under ISO and ROT irradiation. It could be ascribed to the homogenous dose distributions within phantoms resulted by these specific irradiation geometries. The results for two typical widely distributed organs, bone surface and skin, are shown in Figure 5 .
Most prominent deviations appear at energy higher than 100 keV for the bone surface data between the voxel phantom VCH and the two mathematical phantoms. These results are consistent with the previous study [27] . It can be inferred that the more profound embedment between the skeleton and its surrounding medium due to the natural combining style in voxel phantom, especially at positions like the thoracic cage where the abundant intermediate space is present for soft tissue to adhere and get through, provides more protection than that of the mathematical phantoms. Skin dose are almost the same within the three phantoms, which could be ascribed to both the comparatively uniform space distributions of skin and the property of these two specific irradiation geometries that result in rather homogeneous dose distributions within phantoms.
Conclusions
Fluence-to-dose conversion coefficients of 24 organs and tissues for external monoenergetic neutron beams from 10 79 to 10 2 MeV were calculated based on the CMP using Monte Carlo code MCNPX under six standard radiation conditions. Results were compared with the data recommended in ICRP publication 74 and those based on the VCH phantom.
Differences between the CMP and ICRP74 data mainly appear on asymmetric organs for low-energy neutrons such as bladder in the frontal radiation and liver in the lateral radiation. Asymmetric distribution of organs inside the body results in different shielding thickness, which impacts more on the low energy neutrons than the high energy ones. Maximum difference is observed in the data for lung and bladder under AP and PA irradiation and in the data for liver and rectum under lateral irradiation. Results for lung and bladder of CMP are about 30% higher than ICRP74 data under AP and PA irradiation respectively, which could be ascribed to the larger size of the male MIRD phantom (trunk thickness 20 cm) compared to CMP (trunk thickness 18.7 cm). Discrepancy up to 36% and 44% for liver and rectum are observed under LLAT and RLAT irradiation between the CMP data and the ICRP74 data respectively. The difference of the data for liver could be attributed to the larger trunk size of the Caucasians than that of the Mongolians. The difference of the data for rectum indicates that rectum may locate at a more right position in CMP than in the MIRD phantom. Hardly any big discrepancy exists under ISO and ROT irradiation due to their uniformity.
The difference between the data from CMP and the VCH phantom is contributed by the difference of the average anatomical data and an individual, and the difference between the mathematical phantom and the voxel phantom. The data from CMP for lung is up to 40% lower than those from the VCH phantom under PA irradiation. It suggests that lung in the VCH phantom may locate in a more posterior position compared to that in CMP. Discrepancy up to 40% is also observed for the data of liver under LLAT irradiation. It can be explained by both the larger width of the thorax of CMP (28.5 cm) compared to that of the VCH phantom (26.6 cm) and the thick layer of soft tissue surrounded the liver in the mathematical phantom. In contrast to the large dose discrepancy in lateral geometries, smaller differences within 10% were usually observed for most organs in ROT and ISO geometries between CMP and the VCH phantom due to the uniformity in these two specific irradiation geometries.
The CMP well represents the characteristic of the Chinese population. This work based on CMP, and the comparison with the data recommended in ICRP74 and the data based on a Chinese voxel phantom, VCH, is helpful as a reference to investigate the difference of the neutron induced organ doses due to the anatomical variation between the Chinese and the Caucasians, and that between the average population and an individual.
